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Oxygen  reduction  and  evolution  have  been  studied  with  respect  to  the  development  of  bifunctional 
air/oxygen  electrode  (BFE).  Three  groups  of  catalysts  have  been  prepared:  (i)  CuxCc>3_x04  by  thermal 
decomposition  of  mixed  nitrate  and  carbonate  precursors;  (ii)  thin  films  of  Co-Ni-Te-0  and  Co-Te-0 
were  deposited  by  vacuum  co-evaporation  of  Co,  Ni  and  Te02  and  (iii)  CoxOvIZr02  films  were  obtained  by 
electrochemical  deposition. 

The  electrochemical  behavior  of  the  chemically  synthesized  catalysts  was  studied  on  classical  bilayered 
gas  diffusion  electrodes  (GDEs),  where  the  catalyst  is  in  form  of  powder.  The  GDE  catalyzed  with  vacuum 
deposited  catalysts  was  prepared  by  direct  deposition  of  the  catalyst  on  gas-supplying  layer,  thus  creating 
a  ready-to-use  gas  diffusion  electrode.  Catalysts  prepared  electrochemically  were  first  deposited  on  Ni 
foam  and  than  pressed  onto  the  gas-supplying  layer. 

Different  catalysts  deposited  on  classical  and  originally  designed  GDEs  were  compared  by  their  electro¬ 
chemical  performances.  Cuo.3C02.7O4  deposited  on  a  classical  bilayered  GDE  with  loading  of  50  mg  cm-2 
exhibits  stable  current-voltage  characteristics  after  200  charge-discharge  cycles  in  a  real  metal  hydride- 
air  battery.  The  electrochemically  and  vacuum  deposited  CoxOvIZr02 ,  Co-Ni-Te-0  and  Co-Te-0  films 
exhibit  much  higher  mass  activity  compared  to  Cuo.2C02.sO4  for  both  oxygen  reduction  and  evolution  reac¬ 
tions.  The  difference  is  that  the  loading  of  electrochemically  and  vacuum  deposited  films  is  0.06  mg  cm-2 
only,  which  is  a  substantial  advantage  from  a  practical  viewpoint. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Oxygen  reduction  and  evolution  are  basic  processes  in  many 
environmentally  related  fields  such  as  H2/O2  and  direct  methanol 
fuel  cells,  rechargeable  metal-air  (M-air)  and  metal  hydride-air 
(MH-air)  batteries,  water  electrolysis,  and  chloralkali  cells.  Unitized 
regenerative  fuel  cells  are  promising  dual  mode  energy  storage  sys¬ 
tems,  combining  a  water  splitting  electrolyzer  for  hydrogen  and 
oxygen  generation  and  a  fuel  cell  for  their  subsequent  conversion 
into  electrical  energy.  A  key  for  such  systems  is  the  development  of 
a  bifunctional  air/oxygen  electrode. 

However,  the  oxygen  electrode  is  known  to  be  a  strongly  irre¬ 
versible  system  with  a  high  activation  overvoltage  in  aqueous 
solutions  [1].  Due  to  this  reason,  the  choice  of  electrocatalysts  for 
oxygen  reactions  is  limited  to  four  groups  of  materials:  (i)  Pt,  Ag, 
Ni  with  high-area  surfaces,  (ii)  mixed  valence  oxides  of  Co,  Ni  and 
Mn  with  a  spinel  and  perovskite  crystal  structure,  (iii)  metal  sul¬ 
fides,  nitrides  and  carbides,  and  (iv)  mixed  metal  oxides  catalysts 
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containing  Pt,  Ir,  Ru,  Os  and  Rh.  Among  these,  cobalt  and  man¬ 
ganese  spinels  Co304,  MXC o3_x04  (M  =  Cu,  Ni)  and  CuxMn3_x04 
are  presently  being  considered  as  the  most  promising  electrocata¬ 
lysts  in  alkaline  solutions,  because  of  their  relatively  high  catalytic 
activity,  larger  availability  and  lower  cost  compared  to  the  noble 
metals,  together  with  their  good  corrosion  stability  [2-5].  Differ¬ 
ent  methods  for  electrocatalyst  preparation  have  been  proposed: 
low  temperature  synthesis  using  inorganic  and  organic  precur¬ 
sors  [6-10];  sol-gel  processes  [11-13];  freeze-drying  methods  [14]; 
chemical  spray  pyrolysis  [15];  cathodic  sputtering  [16];  vacuum 
evaporation  [17-23],  and  electrochemical  deposition  [24-29]. 

Since  the  reaction  proceeds  at  the  three-phase  boundary 
catalyst-electrolyte-gas,  it  is  important  to  expand  the  surface  area 
in  contact  with  the  electrolyte  and  the  02  molecules,  dissolved  or 
gaseous. 

To  solve  this  problem,  two  approaches  have  been  applied  in 
this  study:  (i)  preparation  of  GDEs  with  different  designs,  allowing 
lower  catalyst  loading,  better  electronic  conductivity  and  higher 
corrosion  stability,  and  (ii)  preparation  and  deposition  of  catalysts 
as  nanopowders  or  thin  films. 

Three  groups  of  cobalt  oxide  based  catalysts  were  synthesized: 
(i)  CuxCo3_x04,  as  powders  (ii)  Co-Te-O,  Co-Ni-Te-0  and  (iii) 
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CoxOj,/Zr02  as  thin  films,  vacuum  and  electrochemically  deposited, 
respectively. 

Depending  on  the  method  of  catalyst  preparation,  GDEs  with  dif¬ 
ferent  design  have  been  produced  and  studied  for  oxygen  reduction 
and  evolution  reactions. 

The  electrochemical  performances  of  the  bifunctional  GDEs 
obtained  have  been  compared. 


2.  Experimental 

2.1.  Preparation  of  the  catalysts  and  gas -diffusion  electrodes 

The  catalysts  were  synthesized  by  different  methods. 
CuxCo3_x04  powders  were  prepared  by  thermal  decomposition  at 
350  °C  of  mixed  nitrate  and  carbonate  precursors  [6]. 

Thin  films  of  Co-Ni-Te-0  and  Co-Te-0  were  deposited  by 
vacuum  co-evaporation  of  Co,  Ni  and  Te02  on  pressed  hydropho¬ 
bic  carbon  black  representing  gas-supplying  layer  [22].  The  films 
with  various  thicknesses  (100-450  nm)  were  prepared  by  co¬ 
evaporation  of  Co,  Ni  and  Te02  on  stationery  substrates  under 
vacuum  better  than  10-4  Pa.  Te02  is  the  source  of  oxygen  for  CoO 
and  NiO  synthesis  during  the  co-deposition.  The  evaporation  of 
Te02  and  Ni  was  carried  out  from  independently  heated  cells  of 
Knudsen  type  and  that  of  Co  by  an  electron  gun.  The  condensa¬ 
tion  rates  of  each  substance  within  the  range  0.01  -0.04  p,g  cm-2  s-1 
were  controlled  separately  during  the  evaporation  using  quartz 
crystal  monitors.  The  amount  of  the  three  substances  as  well  as 
the  atomic  ratios  Rc 0/re.  ^co/Ni  and  ^co+Ni/Te  at  each  point  of  the 
substrate  were  calculated  from  data  from  the  crystal  monitors. 

CoxOy  and  Zr02  films  were  obtained  by  electrochemical  depo¬ 
sition  from  an  absolute  ethanol  containing  2.3  M  LiCl  as  an 
electroconducting  additive  to  which  0.3  M  ZrCl4  or  CoCl2  was  added 
[29,30].  The  films  were  deposited  on  stainless  steel  gauze  (SS) 
and  on  nickel  foam  (Ni).  The  cathodic  deposition  was  performed 
in  a  voltastatic  regime  at  22  V  for  Zr02  and  8  V  per  CoxOy  layers. 
Because  of  relatively  low  equivalent  conductivity  of  the  working 
electrolyte,  it  warmed  up  during  the  electrolysis.  For  this  reason, 
the  electrochemical  deposition  was  carried  out  in  specially  con¬ 
structed,  thermostated  electrochemical  cell.  The  cell  was  kept  at  a 
constant  temperature  of  13  °C  (±1  °C)  by  water-cooling  circulation. 
The  deposition  time  was  30  min,  and  the  thicknesses  of  the  layers 
were  ~2  |jim,  respectively. 

The  electrochemical  behavior  of  the  powder  catalysts  were  stud¬ 
ied  on  bilayered  gas  diffusion  electrodes,  Fig.  la,  with  S=  1  cm-2, 
consisting  of  gas-supplying  layer  of  hydrophobic  carbon  black  (XC- 
30)  with  a  loading  of  100  mg  cm-2  and  an  active  layer  containing 
50  mg  cm-2  catalyst  and  18  mg  cm-2  of  XC-30.  The  carbon  black 
was  hydrophobized  with  Teflon.  The  electrodes  were  prepared  by 
mechanically  pressing  at  300  kg  cm-2  and  300  °C. 

The  GDE  catalyzed  with  vacuum  deposited  catalysts  (thin  films 
of  Co-Ni-Te-0  and  Co-Te-O)  were  prepared  by  direct  deposition 
of  the  catalyst  on  gas-supplying  layer,  thus  creating  a  ready-to-use 
gas  diffusion  electrode,  Fig.  lb. 

A  third  design  of  GDE  was  used  for  catalysts  prepared  elec¬ 
trochemically.  They  were  first  deposited  on  Ni  foam  and  than 
mechanically  pressed  at  300  kg  cm-2  and  300  °C  on  gas-supplying 
layer  of  hydrophobic  carbon  black  (XC-30)  with  a  loading  of 
100  mg  cm-2.  To  obtain  cyclic  voltammograms,  CoxOy/Zr02  films 
were  deposited  electrochemically  on  stainless  steel  gauze  CC404. 

2.2.  Catalyst  characterization 


for  bulk  and  surface  analysis.  The  chemical  compositions  of  the  cat¬ 
alyst  deposited  on  the  substrate  were  determined  using  an  X-ray 
microanalyzer  in  a  scanning  electron  microscope  (JEOL  Superprobe 
733  with  mounted  System  5000-HNU,  Japan).  X-ray  diffractograms 
were  recorded  using  an  Philips  APD15  X-ray  diffractometer.  The 
average  particle  size  was  calculated  from  XRD  peaks  using  the 
Scherrer  equation  [31  ].  Scanning  electron  microscopy  (Philips  515) 
was  used  to  examine  the  surface  morphology  of  the  electrodes.  The 
chemical  states  of  the  elements  in  the  catalytic  films  deposited 
on  the  gas-supplying  layer  were  studied  using  X-ray  photoelec¬ 
tron  spectroscopy  (XPS).  The  measurements  were  carried  out  in 
UHV  chamber  of  the  electron  spectrometer  ESCALAB  Midi  (VG  Sci¬ 
entific,  UK).  The  spectra  were  exited  with  an  Al  Ka  source  with 
energy  1486.6  eV.  The  photoelectron  lines  of  Cls,  Ols,  Te3d,  Co2p 
and  Ni2p  were  recorded.  All  spectra  were  calibrated  using  Cls  line 
at  285.0  eV  as  a  reference.  The  specific  surface  area  was  measured 
by  low  temperature  nitrogen  adsorption  by  the  BET  method. 

By  steady-state  and  cyclic  voltammetric  (CV)  cycle  life  measure¬ 
ment,  the  electrochemical  characterization  of  the  electrodes  was 
performed  using  equipment  consisting  of  potentiostat-galvanostat 
provided  with  a  pulse  generator  (Solartron  1286  electrochemical 
interface). 

The  GDEs  were  tested  in  a  three-electrode  cell  at  room  tempera¬ 
ture.  The  electrolyte  was  3.5  M  KOH,  prepared  from  double  distilled 
water.  An  Ni  plate  was  used  as  a  counterelectrode.  The  potential 
was  measured  versus  an  Hg/HgO  reference  electrode  in  3.5  M  KOH, 
with  a  Luggin  capillary  closely  approaching  the  tested  electrode. 
Cyclic  voltammetry  was  carried  out  in  the  potential  region  between 
-1000  and  +650  mV  vs.  Hg/HgO.  The  experiments  were  carried 
out  at  room  temperature  under  argon  purging  of  the  electrolyte. 
Cathodic  polarization  curves  were  measured  under  a  flow  of  pure 
oxygen  or  air. 


3.  Result  and  discussion 

3.1.  Physical  characteristics  of  the  catalytic  films 

Tables  1-3  summarize  the  physicochemical  characteristics  of 
the  catalysts  studied. 


The  phase  composition  of  the  synthesized  catalysts,  their  mor¬ 
phology  and  surface  structure  were  studied  by  physical  methods 


Fig.  1.  Schematic  view  of  GDE  design:  (A)  bilayered  gas  diffusion  electrode  and  (B) 
GDE  catalyzed  with  vacuum  and  electrochemically  deposited  catalysts. 
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Table  1 

Unit  cell  parameter  (a),  specific  surface  area  (S),  mean  particle  and  Scherrer  crystallite  sizes  of  CuxCo3_x04  powders  with  a  spinel  structure  obtained  from  nitrate  and  carbonate 
precursors 


Composition3 

Preparation  temperature  (°C) 

a  (A) 

Sbet  (m2  g-1 ) 

Mean  particles  size  (nm) 

Scherrer  crystallite  sizes  (nm) 

Cuo.2C02.8O4  (from  nitrate) 

350 

8080 

7 

^100 

86 

Cuo.3C02.7O4  (from  carbonate) 

400 

8080 

75 

<50 

10 

a  Composition  with  the  best  electrochemical  characteristics. 


Table  2 

Structure  and  composition  of  vacuum  deposited  Co-Ni-Te-0  and  Co-Te-0  films 


Composition 

Preparation  temperature  (°C) 

Structure 

Composition 

Co-Ni-Te-0  Rco/ni  =  4.5 

300 

Amorphous  or  nanocrystalline 

Co2+,Ni2+,  Te4+,Te° 

Co— Te— O  Rq  o/ie  =  1.5 

25 

Cubic  CoO  nanocrystals  embedded  in  an  amorphous  matrix 

Co2+i  Te4+,  Te° 

300 

Co2+,  Te4+,  Te° 

R,  atomic  ratio. 


The  spinel  structure  of  CuxCo3_x04  powders  synthesized  by  the 
nitrate  (0  <  x  <  0.9)  and  carbonate  (x  <  0.5)  methods  was  confirmed 
by  XRD.  The  later  had  higher  BET  surface  area  and  a  smaller  particle 
size  than  that  of  the  last  samples.  Data  are  presented  only  for  the 
samples  with  the  best  electrochemical  behavior  (Table  1 ). 

The  XPS  analysis  and  TEM  studies  showed  that  depending  on 
atomic  ratio  ft(c0+Ni)/Te  ^co/Ni  the  catalyst  Co-Ni-Te-0  treated 
at  300  °C  is  amorphous  or  nanocrystalline  with  Co2+,  Ni2+,  Te4+  and 
Te°  on  the  surface.  From  selected  area  electron  diffraction  (SAED)  in 
TEM  the  as-deposited  catalytic  films  Co-Te-0  are  generally  amor¬ 
phous  with  very  small  nanocrystals  of  cubic  CoO,  embedded  in  the 
amorphous  matrix.  The  oxidation  state  of  the  species  is  Co2+,  Te4+ 
and  Te°.  No  changes  in  the  chemical  state  of  the  films  were  found 
after  thermal  annealing  up  to  300  °C  (Table  2)  [23] 

XPS  analyses  of  CoxOy/Zr02  layers  were  performed.  The  results 
are  summarized  in  Table  3.  Co2+  and  Co3+  oxidation  states  were 
established,  with  different  Co2+/Co3+  ratios  in  layers  as  deposited 
at  25  °C  and  after  thermal  treatment  at  400  °layers  were  found.  The 
surface  concentration  of  Co3+  increases  with  temperature.  More¬ 
over,  two  types  of  Co2+  species  exist  in  thermally  treated  layers, 
most  probably  from  Co2+  in  CoZr03  and  in  Co304  [29]. 


3.2.  Electrochemical  measurements 
3.2.1.  Cyclic  voltammetry 

Additional  information  on  the  oxidation  state  on  the  catalysts 
surface  was  obtained  by  cyclic  voltammetry.  Fig.  2  shows  the  CV 
curve  of  an  immersed  Cu0.2Co2.8O4  electrode,  synthesized  by  the 
nitrate  method,  in  3.5  M  KOH.  The  curve  exhibits  a  single  anodic 
peak  and  a  corresponding  cathodic  peak  prior  to  onset  of  02  evolu¬ 
tion.  However,  the  cathodic  peak  is  separated  from  the  anodic  peak 
in  the  cathodic  direction;  the  values  of  AEP  and  mean  peak  poten¬ 
tial  Ep  =  Epa  +  Epc/2  being  100  mV  and  430  mV  (Hg/HgO).  Similar 
voltammetric  curves  were  reported  for  NiCo204  (AEP  =  100  mV  and 
Ep  =  420  mV  [32],  Ep  =400  mV  [33]  (Hg/HgO)).  The  observed  peaks 
have  been  assigned  to  the  formation  of  a  redox  couple,  Co02/CoOOH 
on  the  surface  under  potential  cycling  conditioned,  via  the  follow- 


Table  3 

Composition  of  electrochemically  deposited  CoxOy  films 


Preparation  temperature  (°C) 

Composition 

25 

Co2+,  Co3+ 

Co2+/Co3+  =  2.4 

400 

Co2+  (two  types),  Co3+ 

Co2+/Co3+  =  0.34 

ing  reaction  [33]. 

CoOOH  +  OH-  Co02  +  H20  +  e“ 

Fig.  3  shows  the  CV  curve  of  an  immersed  Cuo.3Co2.704  pre¬ 
pared  by  the  carbonate  method  in  3.5  M  KOH.  The  two  peaks  on 
the  curve  correspond  to  reactions  as  those  for  the  Cu0.2Co2.8O4 
electrode  synthesized  by  the  nitrate  method.  The  chemical  stability 
of  Cu0.3Co2jO4  obtained  from  carbonates  is  also  demonstrated  in 
Fig.  3.  It  is  seen  that  after  three  months  exposure  to  air  the  catalyst 
surface  is  deactivated  (curve  b),  most  probably  due  to  carbonatiza- 
tion.  It  can  be  reactivated  by  an  anodic  polarization  at  a  potential 
of  oxygen  evolution  or  by  a  thermal  treatment  at  400  °C  (curve  c). 

The  redox  states  of  the  cobalt  ions  on  the  surface  of  vacuum 
and  electrochemically  deposited  cobalt  oxide  catalysts  are  depicted 
with  the  peaks  in  the  CV  curves  in  Figs.  4  and  5.  Cyclic  voltammo- 
grams  of  Co-Te-0  a  GDE,  fresh  and  thermally  treated  at  different 
temperatures  are  given  in  Fig.  4a  [23].  The  electrodes  have  opti¬ 
mal  catalyst  loading  of  0.2  mg  cm-2  and  atomic  ratio  RCo/Te  =  1.5. 
In  comparison,  (Fig.  4b),  the  curves  of  gas-diffusion  membrane 
(GDM),  Te  and  Te02  make  no  contribution  to  the  peaks  observed 
for  Co-Te-0  films.  CV  curves  exhibit  several  very  broad,  not  well- 
defined  peaks,  prior  to  oxygen  evolution.  The  first  single  anodic 
peak  al,  observed  only  for  a  fresh  GDE  thermally  treated  at  100  °C 


Fig.  2.  Cyclic  voltammogram  of  immersed  Cuo.2C02.8O4  (from  nitrate)  electrode; 
100  mV  s-1;  3.5  M  KOH. 
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Fig.  3.  Cyclic  voltammogram  of  immersed  Cuo.3C02.7O4  (from  carbonate)  electrode; 
100  mV  s-1;  3.5  M  KOH.  (a)  Initial,  (b)  after  3  months,  and  (c)  after  3  months  and 
anodic  polarization. 

with  a  maximum  at  -50  mV  is  assigned  most  probably  to  a  redox 
transition  of  C0O/C0OOH  with  calculated  potential  of  -54  mV  vs. 
Hg/HgO  [34].  The  pair  of  peaks  a2/c2  may  be  associated  with  the 
formation  of  C0O/C0O2  redox  couple  with  a  calculated  potential  at 
+195  mV  and/or  Co{OH)2/Co02  at  +254 mV  [34].  The  third  anodic 


Fig.  5.  Cyclic  voltammogram  of  immersed  CoxOyIZr02  electrode  on  stainless  steel 
gauze  (CoxOy/Zr02/SS);  200  mV  s_1 ;  3.5  M  KOH.  For  sake  of  comparison,  voltammo- 
grams  of  pure  stainless  steel  (SS)  and  Zr02  deposited  on  stainless  steel  (Zr02/SS)  are 
also  given. 


Fig.  4.  Cyclic  voltammmogram  of  immersed  Co-Te-0  electrode,  as  deposited; 
100mVs-1;RCo/Te  =  1.5;  3.5  M  KOH. 


peak  a3  is  not  well  expressed,  but  it  becomes  clearer  on  increasing 
the  scan  rate.  It  is  noted  that  all  peaks  discussed  are  more  clearly 
defined  in  CV  curves  on  planar  substrate  (Pt).  The  potential  at  which 
the  peak  a3  and  its  corresponding  cathodic  peak  c3  appear  are  an 
indication  that  the  redox  transition  CoOOH/Co02  at  +562  mV  vs. 
Hg/HgO  occurs  [34]. 

A  cyclic  voltammogram  of  electrochemically  deposited 
CoxOy/Zr02/SS  immersed  electrode  with  a  catalyst  loading  of 
0.06  mg  cm-2  is  presented  in  Fig.  5.  For  comparison,  the  curves  for 
Zr02  and  stainless  steel  gauze  (SS)  are  given  in  Fig.  5.  It  is  seen 
that  they  do  not  make  any  contribution  to  the  peaks  observed 
for  CoxOy/Zr02  films.  The  CV  curve  exhibits  several  broad  peaks 
prior  to  oxygen  evolution.  The  two  anodic  peaks  Ep  1  =+0.15  V  and 
Ep2  =  +0.42V  (FIg/HgO)  on  the  curve,  according  to  [34,35]  corre¬ 
spond  to  the  reactions  1  (Co2+  -*  Co3+)  and  4  (Co3+  -*  Co2+)  and  the 
peaks  2,  3  to  the  reactions  2  (Co3+^Co4+)  and  3  (Co4+^Co3+), 
respectively.  The  “pseudo”  peak  at  a  potential  more  positive  as 


Fig.  6.  Steady-state  current-voltage  curves  of  Cuo.2C02.sO4  powder,  Co-Ni-Te-O, 
Co-Te-0  and  CoxOy/Zr02  gas-diffusion  electrodes  in  air  or  02,  3.5  M  KOH. 
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Fig.  7.  A E-i  curve  of  Co-Te-0  GDE  in  air  and  O2. 


compared  to  the  peak  3  potential  most  probably  indicates  a 
splitting  of  the  cathodic  process  [36]. 

A  main  feature  of  the  CV  curves  for  the  vacuum  and  electro- 
chemically  thin  film  electrodes  are  the  broad  peaks,  most  probably 
as  a  result  of  the  heterogeneity  of  the  size  distribution  of  the  active 
surface  sites  [37]  or  to  the  high  degree  of  porosity  or/and  rough¬ 
ness,  which  affects  the  energy  of  the  active  sites,  thus  leading  to 
the  broadening  of  the  peak  [38].  Besides,  new  peaks  appear  on 
the  curves— al  and  a2/c2  (Fig.  4)  and  1,  4  (Fig.  5).  The  latter  peaks 
are  missing  on  chemically  synthesized  samples.  These  features  are 
evidence  of  different  surface  composition  of  the  two  types  of  elec¬ 
trocatalysts. 


Fig.  8.  Current- voltage  curves,  i-E,  of  CoxOy/Zr02/Ni-,  CoxOy/Ni-  and  Zr02/Ni-air 
gas-diffusion  electrodes. 


Table  5 

Electrode  potentials  of  CuxCo3_x04,  Co-Ni-Te-O,  Co-Te-0  and  CoxOy/Zr02  gas- 
diffusion  electrodes  in  air  or  in  02  (1  =  40  mA  cm-2 ) 


a  E  vs.  Hg/HgO. 

3.2.2.  Steady-state  measurements 

The  electrochemical  activity  of  the  different  catalysts  is  depicted 
by  the  steady-state  current-voltage  curves  shown  in  Fig.  6. 
This  compares  current- voltage  curves  for  Cuo.2C02.sO4  powder, 
electrochemically  deposited  CoxOy/Zr02  and  vacuum  deposited 
Co-Ni-Te-O,  Co-Te-0  thin  films,  where  oxygen  reduction  for 
Co-Te-0  is  tested  in  air  and  oxygen,  while  for  Co-Ni-Te-O  is  tested 
in  oxygen  alone.  It  is  clear  that  the  GDE  using  vacuum  deposited 
Co-Te-0  shows  lower  performance  when  operating  on  air.  This  can 
be  explained  by  gas  transport  hindrances  in  the  GDE,  as  is  shown 
in  Fig.  7.  This  presents  the  A  E-i  curves  for  GDE  in  air  and  oxygen 
which  are  considered  to  be  criteria  for  gas  transport  limitations.  The 
high  value  of  A E  in  air  and  oxygen  shows  that  GDEs  with  vacuum 
deposited  Co-Te-0  are  not  optimized  as  fuel  cell  electrodes. 

The  electrochemical  parameters  of  the  curves  of  all  tested  cata¬ 
lysts  (some  of  them  not  shown  in  Fig.  6)  at  low  current  density  (Tafel 
region)  are  presented  in  Table  4.  The  activity  (estimated  as  electrode 
potential  at  a  constant  current)  for  the  OR  reaction  increases  in  the 
order: 

Co-Te-0  <  CoxOy/Zr02  <  Cuo.3Co2.704(fromcarbonate) 

<  Cu0. 2Co2.804(fromnitrate), 


Fig.  9.  Charge-discharge  cycles  of  Cuo.3C02.7O4 -air  gas-diffusion  electrode; 
iCh  =  i'dis  =  20  mAcm2,  25  °C,  3.5  M  KOH.  ■  Anodic,  •  cathodic. 


Table  4 

Electrochemical  characteristics  of  CuxCo3_x04,  Co-Ni-Te-O,  Co-Te-O,  CoxOy/Zr02  gas  diffusion  electrodes  at  low  current  density  in  air  or  in  02  (Tafel  region) 


Composition 

Loading  (mg cm-2) 

i  =  6mAcnr 
Ea  (mV)a 

2  Ec  (mV)1 

bc  (mV) 

ha  (mV) 

Cuo.2Co2.804  (air)  (nitrate) 

50 

1770 

2160 

60 

150 

Cuo.3C02.7O4  (air)  (carbonate) 

50 

1740 

2330 

100 

150 

Co-Ni-Te-O  (02)  Eco/Ni=4.5 

0.07 

1620 

2470 

66 

128 

Co-Te-0  (air)  ECo/Te=i.5 

0.06 

1585 

2425 

63 

47 

CoxOy/Zr02  (air) 

<0.06 

1600 

2440 

220 

85 

Evs.  Hg/HgO. 
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Table  6 

Apparent  and  mass  electrode  activity  (iapp  and  im)  as  current  density  at  E=  1520  and  2520  mV  for  oxygen  reduction  and  evolution  reactions 


Electrode 

Loading  (mg cm-2) 

i  at  E  (mV  [Hg/HgO]) 

£  =  1520  mV 

£  =  2520  mV 

iapp  (mAcm-2) 

im  (mAmg-1) 

Japp  (mAcm-2) 

Jm  (mAmg-1) 

Cuo.2C02.8O4  (nitrate),  air 

50 

27 

0.54 

50 

1 

NiCo204  (sol-gel)  [34] 

2.8 

- 

- 

324 

115 

NiO-CoO  (low  temp.)  [35],  air 

14 

25 

1.8 

38 

2.7 

Co-Ni-Te-0  (vacuum),  02 

0.07 

20 

286 

23 

328 

Co-Te-0  (vacuum),  02 

0.05 

40 

800 

36 

720 

Air 

6.3 

126 

CoxOy/Zr02  (electrochem),  air 

0.06 

20 

333 

20 

333 

and  for  the  oxygen  evolution  (OE)  reaction: 

Co-Ni-Te-0  <  CoxOy/Zr02^  Co-Te-0 

<  Cu0.3Co2.7O4(fromcarbonate)  <  Cuo.2Co2.804(fromnitrate). 

The  observed  orders  of  catalyst  activity  could  result  from  a  num¬ 
ber  of  factors:  (i)  catalyst  loading,  (ii)  chemical  composition,  (iii) 
structural  effects  (electronic,  crystallographic,  surface  structure  on 
atomic  level,  distribution  of  the  cations  in  different  crystal  lattices), 
(iv)  electronic  conductivity,  (v)  geometrical  properties  (particle 
size,  roughness/morphology  factor  of  the  catalytic  layer),  (vi) 
hyper-hypo-d-electronic  interaction  between  the  catalyst  compo¬ 
nents  (synergistic  effect). 

At  low  current  density  we  can  explain  the  better  performance  of 
powder  catalysts  for  both  reactions  as  due  to  the  high  catalyst  load¬ 
ing  (50  mg  cm-2)  compared  to  the  vacuum  and  electrochemically 
deposited  samples  (0.07  and  0.06  mg  cm-2,  respectively). 

The  activity  of  the  vacuum  evaporated  films  may  be  ascribed  to  a 
nanoparticle  effect  (Table  3).  On  the  other  hand,  the  catalytic  effect 
measured  on  electrochemically  deposited  layers  could  be  explained 
as  a  hyper-hypo-d-electronic  interaction  between  Co304  with  a 
hyper-d-  and  Zr02  with  a  hypo-d-electronic  structures.  This  is  sup¬ 
ported  by  the  current-voltage  curves  in  Fig.  8  showing  that  in  the 
Tafel  region  the  value  of  the  current  density  (c.d.)  on  CoxOy/Zr02/Ni 
electrode  is  higher  than  that  of  both  the  Zr02/Ni  and  CoxOy/Ni 
electrodes. 

At  higher  current  density  (i  =  40  mAcm-2,  Table  5)  the  order  of 
electrode  activity  for  the  OE  reaction  is  the  same  as  that  at  low 
current  density,  while  for  the  OR  reaction  the  order  is 

Co-Te-0  <$:  CoxOy/Zr02  <  Cuo.3C02.7O4  <  Cuo.2C02.8O4 

This  order  of  electrochemical  performances  most  probably  is 
determined  by  transport  limitations  for  the  OR  reaction.  It  seems 
that  the  diffusion  conditions  in  active  layers  made  from  powder  cat¬ 
alysts  as  well  as  from  electrochemically  deposited  thin  films  results 
in  the  same  order  of  performance  even  though  the  catalyst  loading 
on  these  electrodes  differs  by  three  orders  of  magnitude.  Under  the 
same  conditions  the  electrode  performance  of  vacuum  deposited 
Co-Te-0  is  most  probably  reduced  due  to  a  non-optimized  three- 
phase  boundary  (Fig.  7). 

A  gas-diffusion  electrode-catalyzed  with  Cuo.3C02.7O4  was 
tested  in  a  real  metal  hydride-air  battery.  The  charge  and  discharge 
current  densities  were  zch  =  *dis  =  20 mAcm-2  for  the  bifunctional 
GDE.  The  time  of  charge  (oxygen  evolution)  and  time  of  discharge 
(oxygen  reduction)  was  16  was  8  h.  200  charge-discharge  cycles, 
and  stable  current-voltage  characteristics  were  achieved  (Fig.  9). 

It  is  interesting  to  compare  the  electrocatalytic  activity  of  the 
cobalt  oxides  studied  with  that  of  cobalt  electrocatalysts  prepared 
by  other  methods.  As  far  the  apparent  current  density  depends  on 
the  catalyst  loading,  more  informative  would  be  the  comparison 
of  both  the  apparent  (iapp,  mAcm-2)  and  the  mass  activity  (zm, 


mA  mg-1 ).  Because  of  the  lack  of  literature  data  for  catalyst  loading, 
the  comparison  in  Table  6  is  made  only  with  two  cobalt  electrocat¬ 
alysts,  prepared  by  sol-gel  [39]  and  low  temperature  techniques 
[40].  The  analysis  of  the  data  in  Table  6  shows  that  vacuum  evapo¬ 
rated  and  electrochemically  deposited  cobalt  oxide  electrocatalysts 
prepared  by  us  exhibit  much  higher  mass  activity  for  both  reac¬ 
tions,  probably  due  to  a  maximum  use  of  catalytic  material.  This  is 
a  substantial  advantage  from  a  practical  viewpoint. 

4.  Conclusion 

1.  Gas-diffusion  electrodes  with  50  mg  cm-2  loadings  of 
Cuo.2C02.8O4  and  Cuo.3C02.7O4  powders  exhibit  a  good  apparent 
catalytic  activity  in  oxygen  reduction  and  evolution  reactions. 
GDEs  with  Cuo.3C02.7O4  powder  exhibit  stable  current- voltage 
characteristics  after  200  charge-discharge  cycles  in  air  gas- 
diffusion  electrodes.  The  lower  mass  activity  of  these  electrodes 
most  probably  is  due  to  the  larger  particles  size  as  well  as  to 
the  smaller  surface  area  in  contact  with  the  electrolyte  and  02 
molecules. 

2.  The  vacuum  and  electrochemically  deposited  Co-Ni-Te-O, 
Co-Te-0  and  CoxOy/Zr02  catalytic  films  exhibit  high  mass  activ¬ 
ity  and  electrochemical  stability  for  both  oxygen  reduction  and 
evolution  reactions  despite  a  minimal  catalyst  loading  of  about 
0.05-0.07  mg  cm-2 

3.  Application  of  catalytic  thin  films  allows  the  preparation  of 
bifunctional  GDEs  with  new  designs.  The  thin  active  layers 
determine  maximum  use  of  catalytic  material.  These  types  of 
electrodes  have  less  catalyst  loading,  which  is  a  substantial 
advantage  from  a  practical  point  of  view. 
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